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Abstract —To meet the growing spectrum demands, future 
cellular systems are expected to share the spectrum of other 
services such as radar. In this paper, we consider a network 
multiple-input multiple-output (MIMO) with partial cooperation 
model where radar stations cooperate with cellular hase stations 
(BS)s to deliver messages to intended mobile users. So the radar 
stations act as BSs in the cellular system. However, due to 
the high power transmitted hy radar stations for detection of 
far targets, the cellular receivers could hurnout when receiving 
these high radar powers. Therefore, we propose a new projection 
method called small singular values space projection (SSVSP) to 
mitigate these harmful high power and enable radar stations to 
collaborate with cellular base stations. In addition, we formulate 
the problem into a MIMO interference channel with general 
constraints (MIMO-IFC-GC). Finally, we provide a solution to 
minimize the weighted sum mean square error minimization 
problem (WSMMSE) with enforcing power constraints on both 
radar and cellular stations. 

Index Terms —MIMO Radar, Small Singular Values Space 
Projection, Radar Cellular Coexistence, Network MIMO 

I. Introduction 

Federal Communications Commission (FCC) and the Na¬ 
tional Telecommunications and Information Administration 
(NTIA) studies show very low utilization of huge chunks of 
spectrum held by the federal agencies, especially in urban 
areas. Meanwhile, there is a very heavy utilization of spectrum 
held by commercial operators, e.g. cellular operators, in these 
urban areas. President’s Council of Advisors on Science and 
Technology (PCAST) recommendations in order to efficiently 
utilize federal spectrum are to share federal spectrum with 
commercial operators G]. The sharing will result in enormous 
economic and social advances for the nation. Meanwhile, 
this sharing should not endanger the main mission of federal 
incumbents, e.g. sharing radar spectrum should not affect its 
target tracking capabilities. Therefore, new approaches should 
be developed with these considerations in mind. 

A recent report by NTIA 12 concluded that sharing radar 
spectrum with WiMAX requires huge exclusion zones up 
to tens of kilometers to protect the WiMAX receivers from 
harmful interference signal transmitted by radar. This is due 
to WiMAX receivers are designed to handle low power levels 
in the range of Watts while the power transmitted by radar is 
in the range of Kilo and Mega Watts. This includes shipborne 
radars that are deployed on military ships on the east and west 
coasts of the United States. Which in turn results in depriving 
these areas, i.e. where the majority of the US population live, 
from the benehts of sharing radar spectrum. 


On the other hand, within the cellular system, interference 
is a major obstacle against achieving the spectral efficiency 
expected from developed multiple-antenna techniques 0. 
It is shown in HI, a that multiple-input multiple-output 
(MIMO) capacity gains are deteriorated due to inter-cellular 
interference. In a radar/cellular coexistence scenario, radar 
receivers have highly sensitive receivers for detecting reflected 
signals from far targets. Therefore, it is highly susceptible to 
interference from commercial wireless system operating on 
radar bands. In the past, radar has been guaranteed exclusive 
rights to radio spectrum allocation to avoid its operation from 
being affected by commercial wireless systems interference 
0, ia. Therefore, a radar/cellular network-level interference 
management is of fundamental importance to sustain the 
radar/cellular coexistence along with limiting inter-cellular 
interference and harnessing the advantages of cellular MIMO 
technology. 

To address the aforementioned challenges, we propose a 
novel coexistence scenario and model between radar and 
cellular system. In this model, the radar signal is steered to 
null-space plus small singular values space of the interference 
channel between the radar and cellular system. The approach 
benefits both radar and cellular systems. On the radar side, 
it will increase the projection space dimensions and therefore 
radar performance metrics are improved compared to projec¬ 
tion with smaller dimensions, e.g. null space projection Q, 
see i) for more details. On the cellular side, this approach 
suppresses the high power of radar in the direction of cellular 
network so it does not burn out the cellular receivers. In 
addition, the transmitted radar signal could be used to transmit 
communication messages to enhance the overall system perfor¬ 
mance and quality of service (QoS) of cellular system. In our 
model, we propose network MIMO with partial cooperation 
for merging radar stations in the cellular network. 

A. Related Work 

To benefit from radar spectrum, researchers have proposed 
the use of spatial domain to mitigate MIMO radar interference 
to communication system Q. One of the studies proposed 
projection of radar signal into the null space of the interference 
channel between radar and communication systems ||9l. In an¬ 
other study, researchers designed radar waveform that doesn’t 
cause harmful interference with communication system and 
successfully achieves the radar mission objectives ITOi . In 
the past, sharing of government bands has been allowed 


for commercial wireless systems under the condition of low 
power transmission in order to protect incumbent from harmful 
interference in. Famous examples are WiFi and Bluetooth at 
2450-2490 MHz band, wireless local area network (WLAN) 
at the 5.25-5.35 and 5.47-5.725 GHz ifTSll . and the recently 
proposed 3550-3650 MHz radar band for small cells usage, 
i.e. wireless BSs operating on low power m. 

In m, network MIMO, also known as multi-cell cooper¬ 
ation, has shown network-level interference management that 
significantly improve cellular systems performance. In network 
MIMO, multiple BSs cooperate their transmission to each user. 
Network MIMO can be reduced to MIMO broadcast channel 
(BC) in case of full cooperation between all BSs as shown in 
El. In another scenario, network MIMO can be reduced to a 
MIMO interference channel (MIMO-IFC) in case of absence 
of collaboration between BSs shown in EI - lfTTl . The general 
case is forming clusters of BSs that collaborate to transmit to 
a certain user Ei-iii]. 

B. Our Contributions 

Our contributions in this paper are as follows; 

• We propose a small singular values space projection 
method that facilitate coexistence between radar and 
cellular systems. 

• We incorporate radar stations in the cellular system and 
show the equivalence of the new model to MIMO interfer¬ 
ence channel with general constraints (MIMO-IFC-GC) 
model for network MIMO with partial cooperation shown 
in 13. 

• We provide a suboptimal solution of the weighted sum- 
MSE minimization (WSMMSE) problem in Section [V] 
for our proposed model. 

Notation: Matrices and vectors are denoted by bold upper 
and lower case letters, respectively. Transpose and Hermitian 
operators are denoted by (-j^, and {■)^, respectively. 

The paper is organized as follows. Section |II] discusses 
system model for MIMO downlink system with radar and 
cellular coexistence. Moreover, it discussed the user message 
precoding at radar and cellular stations. Section HIJ describes 
how to construct small singular values space projection matrix. 
We show the equivalence of our proposed model with MIMO- 
lEC-GC in Section |IV] Section [V] contains the WSMMSE 
minimization problem under investigation and Section |Vl] 
presents its solution. Section IVIII concludes the paper. 

H. System Model 

We consider a MIMO downlink system with L radar sta¬ 
tions, including shipborne radars, forming a set C, M cellular 
base stations (BSs) forming a set AT, and K mobile users 
forming a set /C, see Eigure [T] Each BS has rit antennas for 
transmission, each radar station has rirad antennas for trans¬ 
mission, and each mobile user has antennas. The mth BS 
has the messages for users set ICm Q /C where \K,rn\ = Km- 
Similarly, the /th radar has the messages for users set /C; C /C 
where \]Ci\ = Ki. Therefore, the fcth user receives its intended 
message from a subset of Mk BSs Aik L Ai and a subset of 


Radar Base Mobile 

Stations Stations Users 



radar stations Lk radars Ck L C. In total, fcth user receives 
its message from Lk + Mk stations AikCCk C AT U £. This 
channel is generally referred to as MIMO interference channel 
with partial message sharing, see 0. If K-m, or ICi, contains 
one user for each transmitter m, or I, then the model reduces 
to a standard MIMO interference channel (MIMO-IEC). When 
all transmitters cooperate in transmitting to all the users, i.e. 
Mk = M and Lk = L, then we have MIMO broadcast channel 
(MIMO-BC), when number of some transmitters cooperate, 
i.e. Mk < AI or Lk < L, then we have multicast interference 
channel ll20l . In this paper, we consider MIMO interference 
channel with partial message sharing (MIMO-IEC-PMS). 


A. Precoding 

We define = [uk^i---Uk^dkV" ^ ^ represent the dk < 

min(Lfcnja(i -f MkritjUj.) independent streams sent to user k. 
It is assumed that ^ CA/’(0,I). The data streams are 
known to all the cellular base stations in the set AT^ and all 
the radar stations in the set Lk- Assuming I £ Lk C L, the /th 
radar station precodes vector via a matrix Ffc_/ G 
then projects it using projection matrix P/ £ C"radxnrad^ which 
is described in Section [HI] The signal x/ £ C”'"* sent by radar 
station and received by the user can be given as, 

X/ = P; ^ Ffc,/Ufe 

k€Ki 


Assuming Pi is the allowed radar power level to the commu¬ 
nication system, then power constraint is given by 


E 


|Xi| 


tr {E [x/xf ] } 

^ trjPzFfc.zF^Pf} <Pz,/ = l,... ,L. 

keKi 
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Similarly, assuming m ^ Aik, for the mth base station, we 
have 

^ ^ ( 1 ) 

k&Km 

and, 

®[||*m||] = tr{i;[x™x^]} (2) 

= 'y ' tr \^Fk,mFk^jn } < Pm, 171 = 1, ' ' ' , M. 

k^Km 

The A:th user receives the following signal; 

L M 

Yk = y^Hfc,;X; + + fife (3) 

1—1 m—1 

= ^ ^ H/;; /P/Ffc ^ ^ ^ ^ HojPqFo jIIo 

o^kj^Co 

T ^ ^ T ^ ^ ^ ^ Ho^jFo^jUo + 

m^M-k o^k j^Aio 

where iikj G and ilk,m G are the channel 

matrices between the lih radar station and A:th user and the 
mth BS and fcth user, respectively, and is noise where 
fife -CV(0,I). 


IV. Equivalence with MIMO-IFC-GC 

The MIMO-IFC-GC consists of K transmitters with rrit^k 
antennas at the the fcth transmitter and K receivers with mr,k 
antennas at the fcth receiver. The /cth receiver received signal 
is given by; 

Yk = H/c,feXfc -I- y] Hfe,oXo -I- rife (9) 

o^k 

where rife is additive complex Gaussian noise rife ^ CJV{0, 1), 
Xfc G are the inputs to receiver and Hfe,o G 

is the channel matrix between the oth transmitter and the fcth 
receiver. The fcth user intended information stream vector is 
Ufe G C'^'' where dk < mm{mt,k,i7ir,k) and Ufe ~ CA/’(0,1). 
In this model, the fcth user precoding matrix is given by Ffe G 
i^mt,kxdk therefore Xfe = FfcUfe. The input vectors Xfe have to 
satisfy both the L generalized linear constraints given by 

K K 

y] tr { $fe,iE [Xfexf ] } = y] tr { $fe,zFfeFf } < Pi 

k=l k=l 

and M generalized linear constraints given by 


III. Small Singular Values Space Proiection 
In this section, we design our projection matrix such that 
steering the radar power in the direction of small singular val¬ 
ues results in radar power that is in the order of communication 
transmit power, i.e. Pi — CTthFl-ad = Q{Pm) 'dm, I where 
Piad is the radar transmit power and a± is a singular value 
threshold. As a result, the diminished radar power received 
at the communication system will not burnout or saturate the 
communication receivers. Given that the fih MIMO radar has 
channel state information of Hfe ^ and the fcth user. Fet {o)i be 
the oth user in the set /C;. Therefore the augmented channel 
matrix between the fih radar and the set of users ICi is given 


by 


(4) 

We proceed by first finding SVD of H;, i.e.. 



hi = Vi-EiVf. 

(5) 

Now, let 

US define 



S; = diag(CT;4,(Ti,2, • ■ ■,m,p) 

(6) 

where p 

= min(iTinr., rirad) and d^i > di ^2 > 

• > > 

^l,q+l = 

o'z, 5+2 = • • • = ai^p = 0 are the singular values of 

H;. Next, we define 



S; = diag(a'i,(T;'2>---.<n„J 

(7) 

where 

A fO, forCT;' >crth, 

(8) 


ll. for CT;'^ < CTth. 


Using above definitions, we can now define our small singular 
values space projection matrix P; = Note that 

P; G is a projection matrix as it satisfies Pf^ = 

(ViS'vf = Pi and P2 = Vi^iVf x = P,. 


K K 

tr {^k,mE [xfexf ] } = tr {^fe^^FfePf } < Pm 

fe=i fe=i 

( 10 ) 

for ^k,i & £-^t.kXmt,k and I — and ^k,m S 

Qmt,kxmt,k and m — are weight matrices where 

Etl ^k,l + Em=l ^k,m are positive definite for all fc = 

Lemma IV.l. Assume that the o*^ base station or radar sta¬ 
tion in subset Adfe U£fe is given by the index {o)k is informed 
about user k’s message. The MIMO-IFC-PMS is a special case 
of a MIMO-IFC-GC with mr,k = Hr. mt.fe = AlkUt -\- LkUrad, 
channel matrices 

Hfe^o = [Hfe_(i)^ • • • Hfe^(Mfc)„Hfe_(Mfc + l)„P(Mfc + l)o 

^fe,(Affe+Lfc)oP(Mfc+Lfe)o] 


augmented precoding (beamforming) matrices. 



F 


T 

k,(Mk)^ 


F 


T 

fe.(l+Mfc) 


k 


^k,{Mk+Lk)k 


T 


and weight matrices ^k,i with the o*^ rimd x rirad submatrix 
on the main diagonal is PfPi , if I — {o)k and the rest of 
the matrix elements are zeros and ^k,m with the o*^ rit x rit 
submatrix on the main diagonal is I„j , if m = (o)k and 
the rest of the matrix elements are zeros. If k ^ K-m then 
^k,m = 0 and if I ^ tCi then ^k,i = 0- 

Proof: It is easy to show by inspection. ■ 

Remark IV.2. The effect of small singular values space 
projection on the MIMO-IFC-GC equivalent model is only in 
the augmented channel matrix or the weight matrices ^k,i 
which are inputs to the optimization problem as shown in 
section 0 
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V. Optimization Problem 

Given the equivalence between MIMO-IFC-GC and the 
proposed Network MIMO with partial cooperation for radar 
and cellular systems model. The rest of the paper shows how 
to use a modified version of the receiver in |[3l for our new 
proposed system model. The fcth user uses the equalization 
matrix S to estimate its message as 

Ufc = Gfyfe. (11) 


Therefore, the Mean Square Error (MSE)-matrix for user k is 
given by 


Efc 


E 


(Ufe 


Ufe) (Ufe 



( 12 ) 


Using the equivalent MIMO-IEC-GC model, the MSE-matrix 
can be written as 


_ r^Hrr T7» -ryH-rrH T? 

k — ^k fe-T fc-T k ^k k^k — ^k ^k k^ k 

-FfH^fcGfc + GfJTfeGfe+Ife (13) 

where 

+ (14) 

o^k 

For each user k, the equalization matrices can be evaluated 
using the MMSE solution as 

Gfc = (Hfe,feFfcFfH|^, + nk]y" Hfc.fcFfe. (15) 


In this paper, we focus on the weighted sum-MSE minimiza¬ 
tion (WSMMSE) problem given by the following: 


K 


min tr{WfcEfe} 

Fk,Gk,k=l,---,K 

k—1 


K 


subject to ^tr } < P^^m = 1, • • • ,M 

k^l 

K 


fc=i 


(16) 

where Wfc G £dkxdk are the diagonal weight matrices with 
non-negative weights. 


VI. MMSE Minimization 


The extended MMSE interference alignment (eMMSE- 
lA) technique applied to an interference channel with per- 
transmitter power constraints and where each receiver is 
endowed with multiple antenna |[T|, is extended here to include 
radar system coexisting with communication system. The 
technique starts by an arbitrarily Ffc. Then, at each iteration j 
the equalization matrix G^'^^ is evaluated using (fTSl l resulting 
in 


'^k hfc Fife -I-Si;, 


k,k^ k 

(17) 


where. 


= I + E (18) 

oy^k 


Given the matrices the optimization problem (fT^ be¬ 

comes 


K 

Etr{WfcE«} 

k^l 
K 

Etr{^fc.-FfcEf } < P™,Vm (19) 

k^l 
K 

Eti-{^MFfcFf} <Pi,VZ 

k^l 

where as in (fTSl) with G^'^^ instead of Gfe. For a hxed 
, the optimization problem in (fT9l l is convex and therefore 
there exists a unique global optimal solution for . Using 
KKT conditions, we have 

F^ = (E + E + 

0=1 m 

I 


min 

,K 

subject to 


where > 0 are Lagrangian multipliers satisfying 


Atm (^E ^ { ^k,n.Fy Fy^}-P^^^O (20) 

and /x; > 0 are Lagrangian multipliers satisfying 

Ah - p}j = 0. (21) 


Using F^, the iterative algorithm continues with the (j-l-l)th 
iteration. 


VII. Conclusion 

In this paper, we considered a network MIMO with par¬ 
tial cooperation model where radar stations cooperate with 
cellular base stations (BS)s to deliver messages to intended 
mobile users. We designed a new projection matrix to mitigate 
radar stations interference to cellular system. In addition, 
this projection provides useful enhancement to the cellular 
system performance and QoS when radar stations cooperate in 
communication messages delivery. We showed that our con¬ 
structed model, i.e. the radar stations act as BSs in the cellular 
system, is equivalent to a MIMO interference channel under 
generalized linear constraints (MIMO-IFC-GC). Finally, we 
provided a solution to minimize the weighted sum mean square 
error minimization problem (WSMMSE) with enforcing power 
constraints on both radar and cellular stations. 

VIII. Future Work 

Comparison with other MSE minimization schemes will be 
considered in our future work. In addition, we plan to conduct 
a study on the sum rate maximization improvement for the new 
proposed model. 
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